A temperature-sensitive, 5-fluorotryptophan (5FT)-resistant mutant of Bacillus subtilis was isolated which forms an altered tryptophanyl transfer ribonucleic acid synthetase [L-tryptophan: sRNA ligase (AMP), EC 6.1.1.2]. The mutant grows well at 30 C but not at 42 C. At the latter temperature, protein and ribonucleic acid (RNA) synthesis are abolished while deoxyribonucleic acid (DNA) synthesis proceeds for a considerable time. Tryptophanyl-transfer RNA (tRNA) synthetase activity is not detectable in the extracts of the mutant grown at 30 C whether this activity is measured by the attachment of L-tryptophan to tRNA or the L-tryptophandependent exchange of 32P-pyrophosphate with adenosine triphosphate. Mixing experiments with extracts from the wild type and the mutant have ruled out the presence of an inhibitor or the absence of an activator as possible causes. Attempts to retrieve enzyme activity in vitro by various means (different conditions for cell disruption, addition of L-tryptophan, and adenosine triphosphate to the extraction buffer containing glycerol) were unsuccessful. The mutation in the locus of the tryptophanyl tRNA synthetase (trpS) was mapped on the bacterial chromosome by transformation and transduction. It is located between argC and metA. All temperature-resistant transformants recover wild-type levels of tryptophanyl tRNA synthetase activity and sensitivity to 5FT. Spontaneous revertants to temperature resistance are 5FT sensitive, but their levels of tryptophanyl tRNA synthetase activity and the thermolability of this enzyme in cell-free extracts varies. These revertants do not support the growth of a presumed nonsense mutant of phase SPO-1. Transduction experiments with phage PBS-1 indicated that reversion must be the result of an event at the site of the original mutation or at a site extremely close to it.
Aminoacyl-transfer ribonucleic acid (tRNA) synthetases (amino acid activating enzymes) are specific for both the amino acid they activate and the corresponding tRNA which is acylated (30) . In addition to their indispensable function in protein synthesis, several aminoacyl-tRNA synthetase species have been implicated as possible regulatory elements involved with the control of their corresponding amino acid biosynthetic enzymes, perhaps by governing the level of charged specific tRNA (5, 25, 29) . The discovery of a phage-modified valyl-tRNA synthetase (10) and the selective distribution of aminoacyl-tRNA synthetase activities in differentiated tissues (36) also suggests that these enzymes may play a role Bacterial activating enzyme mutants have been isolated by a variety of techniques under the supposition that studies of the genetically altered species would help to elucidate both their structure and physiological functions. The most common techniques employed have been either to isolate temperature-sensitive organisms (14, 21, 25, 38) or to select for mutants which are resistant to amino acid analogues normally activated by the wild-type enzyme (15) . The latter procedure is more direct but does not provide as effective a tool as a temperature-sensitive mutation, since some enzyme activity is always present, and consequently one cannot observe the physiological consequences of the elimination of enzyme function. In the work reported here, we have combined these two methods to specifically isolate a temperature-sensitive (ts), 5-fluoro-DLtryptophan-resistant (5FTr) strain of Bacillus subtilis whose phenotypic properties originate from a mutation in the structural gene (trpS) coding for tryptophanyl-tRNA synthetase [Ltryptophan: sRNA ligase (AMP), EC 6.1.1.2]. We chose to examine this system for the following reasons. First, the genus Bacillus has the genetic capacity to form bacterial endospores, and in this respect it provides the added attraction of a developmental system. This is in marked contrast to those bacterial genera so far studied for which activating enzyme mutants are known, namely Escherichia (12, 14, 37) , Salmonella (32) , and Micrococcus (26) . Second, the structural genes coding for those enzymes involved in the synthesis of L-tryptophan are known to be cotransferred by a single piece of transforming deoxyribonucleic acid (DNA) and represent a genetic regulatory unit (2, 18) . This permits an examination of the possibility of a genetic linkage between the locus of an activating enzyme and its specific amino acid biosynthetic operon. Third, in B. subtilis the cistrons coding for RNA species have been mapped and are clustered in two areas of the chromosome (13, 34) . Thus some estimate could be made of the genetic proximity of the structural gene specifying an amino acid-activating enzyme and that region of DNA coding for tRNA. This is of interest since the possibility exists that the synthesis of each species of tRNA is coordinated in some way with the synthesis of its specific activating enzyme. Finally, since only a single RNA codon is known (at least for E. coli) which specifies L-tryptophan, and examination of B. subtilis transfer RNA has so far demonstrated only one tRNAtrP species (19) , we were led to suspect that only one form of tryptophanyl-tRNA synthetase (TRS) would be present, thereby facilitating the isolation of mutants of this enzyme.
MATERIALS AND METHODS
Bacterial strains. The bacterial strains used in this study are listed in Table 1 . Those with the GSY prefix were isolated in this laboratory and are derivatives of B. subtilis 168M. Nomenclature is in accordance with the recommendations of Demerec et al. (1 1) . The methionine mutants used belong to the following classes: (i) organisms responding to cystathionine, homocysteine, or methionine (locus metA), and (ii) organisms responding to homocysteine or methionine (locus metB). The isolation of the tryptophanyl-tRNA synthetase (trpSl) mutant is described below.
Media. Cells were grown with aeration at 30 or 37 C in Difco Antibiotic Medium No. 3 (PAB), or the glu- cose minimal medium (MG) described by Spizizen (35) .
PAB supplemented with 0.2% yeast extract and 10 tsg of thymidine per ml (PABT) was used in the isolation of temperature-sensitive mutants. In preparation for transformation experiments, strains were grown overnight on Difco Tryptose Blood Agar Base plates at onehalf the recommended strength, adjusted to contain 1.5% agar. Sporulating strains were maintained on AK-2 agar (BBL). Asporogenic mutants were grown in PAB and stored at -60 C in 20% glycerol.
Isolation of temperature-sensitive mutants. The isolation of the temperature-sensitive (ts), 5-fluorotryptophan (5FT)-resistant TRS mutant was achieved by using a selective procedure based upon the results of Fangman and Neidhardt (15) . They demonstrated that one mechanism for para-fluorophenylalanine resistance in E. coli is effected via a mutation in the corresponding phenylalanyl-tRNA synthetase. We assumed that some activating enzyme alterations which result in resistance to an amino acid analogue (5-fluoro-DL-tryptophan in this case) could be of the type that would also render the enzyme thermosensitive.
An overnight culture (30 C) on PAB agar was washed and suspended in tris(hydroxymethyl)amino methane (Tris)-hydrochloride buffer (5 x 10-2 M, pH 6.8) containing (per liter): 1 g of NaCl, 5 g of KCI, 2 g of (NH4)2S04, and 0.3 g of MgSO4 7H20. The suspension (2 x 108 to 4 x 108 cells/ml) was aerated at 30 C for 40 min; there was no loss in viable count. Freshly prepared N-methyl-N'-nitro-N-nitrosoguanidine (NTG; Aldrich Chemical Co., Inc., Milwaukee, Wis.) was then added at a final concentration of 100 yg/ml and aeration was continued for an additional 15 min. The cells were centrifuged, washed, and suspended in PABT. Less than 1% of the cells survived under these conditions. The mutants were allowed to segregate during a subsequent 4-hr growth period at 30 C and, after this, appropriate dilutions of the culture were spread on minimal agar plates containing the tryptophan analogue 5-fluoro-DL-tryptophan (150 gg/ml, Calbiochem, Los Angeles, Calif.). At the end of a 3-to 4-day incubation period at 30 C, all resistant colonies were picked and checked for growth at the permissive (30 C) and nonpermissive temperature (42 C) on PABT.
For a preliminary characterization of the mutant strains, growth experiments were carried out in the minimal medium (MG). Those showing good growth at 30 C and an arrest of this growth after shifting the cultures to 42 C were then examined for their capacity to synthesize protein, RNA, and DNA at the higher temperature. We assumed that a thermosensitive mutation in the activating enzyme would not alter cell morphology.
Measurement of macromolecular synthesis. The synthesis of protein, RNA, and DNA was measured by isotopic methods. The incorporation of 14C-L-tryptophan or '4C-L-phenylalanine into hot trichloroacetic acid precipitates was employed as an indication of protein synthesis. 14C-uracil or 3H-thymidine (labeled in the methyl group) incorporation into cold trichloroacetic acid precipitates was used as a measure of RNA or DNA synthesis. In the case of 3H-thymidine incorporation, we included deoxyadenosine at 250 gg/ml (8) .
After addition of the radioactive isotope, samples of known volume were removed at intervals and immediately mixed with an equal volume of cold 10% trichloroacetic acid containing the unlabeled precursor (100 gg/ml). The nucleic acid samples were stored at 0 C for 1 to 2 hr. Those for the measurement of protein synthesis were heated at 95 C for 30 min and then cooled. All precipitates were collected on cellulose membrane filters (0.45-um pore size, 25-mm diameter; Millipore Corp., Bedford, Mass.) and washed four times with 2.5 ml of cold 5% trichloroacetic acid containing 50 ig of the unlabeled precursor per ml. The filter discs were dried (72 C for 9 hr), placed in scintillation fluid [1,4-bis-2-(5 phenyloxazolyl)-benzene, 4 g; 2,5 diphenyloxazole, 0.05 g per liter of toluene], and monitored in a liquid scintillation counter.
DNA preparation. DNA was prepared by the method of Marmur (27) . Two chloroform-octanol deproteinization steps were performed. The DNA was sterilized with 70% ethanol, dissolved in sterile standard saline citrate (27) , and stored at 4 C. Concentrations were determined by a colorimetric assay (9) (24) , were usually between 5 to 6 mg/ml and never were below 3 mg/ml. Crystallized bovine serum albumin (Armour Pharmaceutical Co.) was used as a standard.
TRS activity was determined by two methods. (i) Adenosine triphosphate (ATP)-dependent attachment of L-tryptophan to tRNA was measured by the procedure of Muench and Berg (28) The reaction was stopped by placing the tubes on ice for 15 to 20 sec and adding 0.1 ml of cold 2 M potassium acetate followed by 1.2 ml of cold 95% ethanol. The precipitates were collected and washed as described (28) . After drying, scintillation fluid was added and activity was measured in a liquid scintillation counter. The assay for wild type was linear in the range 0 to 10 gg of protein per tube for 20 min at 20 C, and activity was proportional to the tRNA concentration up to 22 optical density units per assay. (ii) The activation of tryptophan was measured by the L-tryptophan-dependent exchange of 32P-labeled pyrophosphate with ATP. Extracts used in the assay were dialyzed overnight against buffer A at 5 C. The reaction mixture described by Lemoine et al. (23) was employed, with only the L-amino acid concentration changed to 10 rmoles in a volume of I ml. The reaction volume was 0.125 ml. A thin, end-window gas-flow counter was used to monitor activity.
Chemicals. "4C-uracil and "C-L-phenylalanine, both uniformly labeled, and 3H-thymidine, labeled in the methyl group, were purchased from the Commissariat a l'Energie Atomique (France). Egg white lysozyme, three times crystallized, was purchased from Sigma Chemical Co. (St. Louis, Mo.). Amino acids were purchased from Calbiochem (Los Angeles, Calif.). The sources of other chemicals are indicated at the corresponding sections.
RESULTS
Growth characteristics of the trpSl mutant. The upper temperature limit for growth of the temperature-sensitive, TRS mutant was established by employing a temperature-gradient plate (20) and is presented in Fig. 1 . As measured by colony formation, essentially no growth occurs above 41 C. In the experiments to be reported, 42 C was chosen as the nonpermissive temperature. The growth rates of the wild-type and the trpSl mutant strain are shown in Table 2 . We used temperature-sensitive strains which also carried the trpC2 mutation (indoleglycerol phosphate synthetase) so that the supply of internal tryptophan would depend on a functional L-tryptophan transport system and not on biosynthetic capacity. For both the wild type and mutant, the growth rates at the permissive temperature were the same in either an enriched medium (PAB) or minimal medium supplemented with various levels of tryptophan. The one difference appeared to be an antagonistic effect of casein hydrolysate at low tryptophan concentrations. When exponentially growing wild-type cells were shifted to 42 C, the growth rate increased 1.8-to 2.4-fold. In the case of the mutant, however, growth terminated after a period which was directly dependent on the concentration of L-tryptophan in the medium (Fig. 2) . This protecting effect of L-tryptophan at the restrictive temperature was even more pronounced when the mutant was grown on MG supplemented with tryptophan (50 gg/ml)-agar. Growth under these conditions was inhibited independently by casein hydrolysate, L-histidine, L-serine, L-leucine, and L-glutamic acid (not shown). From Table 2 it can be seen that the trpSl mutation does not lead to an auxotrophic requirement for tryptophan. In fact, the growth rates of GSY1301 and GSY 1310 in a tryptophanfree medium were even higher. Macromolecular syntheses at the permissive and restrictive temperatures. An examination was made of the capacity of the temperature-sensitive mutant to synthesize protein, RNA, and DNA at the permissive and nonpermissive temperatures. The primary temperature-sensitive lesion appeared to be located at the level of protein synthesis (Fig. 3) . When cultures of mutant cells, in balanced growth at 30 C, were shifted to 42 C, the incorporation of "C-labeled L-tryptophan into hot trichloroacetic acid-precipitable material (Fig. 3, part C and Fig. 5 ) was abolished within 10 min. RNA synthesis, as measured by '"C-uracil incorporation (Fig. 3, part B) , was also drastically affected. However, in this case incorporation continued at a reduced rate for the first 70 min after the temperature shift and stopped after 80 min. The incorporation of 3H-thymidine into DNA (Fig. 3, part A) continued at a nearly normal rate for about 100 min at 42 C and then fell off by two-thirds to approximately 12% of the wild-type rate observed at 42 C. In contrast, under identical conditions, wild-type strains showed a 2.4-to 2.7-fold coordinated increase in the rates of macromolecular syntheses. When the same measurements were made with a trpC+ strain (e.g., GSY1301), protein synthesis at 42 C as measured by phenylalanine incorporation continued for 15 to 20 min at essentially the same rate observed before the temperature shift. At the end of this period, the rate of synthesis fell to only 3% of the wild-type rate observed at 42 C, but measurable incorporation continued for as long as 3 hr after the shift (unpublished data).
Effect of temperature on viability of the trpSl mutant. When mutant cells were incubated at 42 C in the minimal medium, colony-forming ability decreased with first-order exponential kinetics after an initial lag period (when cells were plated on PABT) of about 60 min (Fig. 4) . In experiments testing the effect of preincubation at 42 C on the capacity to synthesize protein at 30 C, we found that cells could be exposed to the restrictive temperature for at least 25 min without significant impairment of their 30 C protein-synthesizing capacity (Fig. 5 ). Under these conditions, the rate of "4C-L-tryptophan incorporation into hot trichloroacetic acid-precipitable material was 90% of the value obtained when cells were not preincubated. In contrast, after a period of 76 min at the restrictive temperature, the rate of incorporation at 30 C was only 21% of the control value. At this point the entire population remained viable as judged by colony formation on MG supplemented with tryptophan, but only 65% of the cells were still capable of forming colonies on PABT (Fig. 4) . The mechanism responsible for the observed difference on cell viability between minimal and rich media is unknown.
Examination of TRS activity in mutant and wild-type strains. Cell-free extracts were prepared from cultures of the wild-type and mutant strains and examined for their TRS activity. Figure 6 shows the results of an experiment in which TRS an equal amount of protein from the wild type, there was no significant change in the wild-type activity. Apparently, then, the lack of detectable enzyme activity could not be attributed to the presence of an inhibitor or the lack of a stimulating factor in the cell-free extracts of mutant strains. We next examined the capacity of dialyzed extracts to support the L-tryptophan-dependent exchange of 82P-labeled pyrophosphate with ATP (Fig. 7) . The ts mutant GSY1301 provided an estimate of the upper limit of background activity in a strain prototrophic for tryptophan biosynthesis. For both GSY1301 and GSY1307 (auxotrophic for tryptophan), no detectable 32P-pyrophosphate exchange was observed above their respective background levels. These experiments were carried out at a tryptophan concentration which was saturating for the wild-type enzyme and near the solubility limits of L-tryptophan at the incubation temperature. In preliminary experiments in which the effect of varying the levels of tRNA and Mg2+ in the exchange reaction were examined, no further increases in mutant enzyme activity were observed.
Attempts to stabilize mutant TRS activity. The fact that we could not detect enzyme activity in extracts of mutant strains was difficult to reconcile with the growth properties of these strains. If the enzyme was indeed completely inactive in vivo as well as in vitro, the mutant should not be able to grow even at the permissive temperature. Such instability for mutant activating enzymes had been observed by other workers (4, 12, 14) , and thus four different cell breakage methods were employed to see whether the mutant TRS activity could be stabilized. Since it was previously shown that tryptophan conferred limited stability on mutant cells grown under restrictive conditions, we employed this method (see Table 5 for details) to select for spontaneous revertants whose growth would be completely stabilized in the presence of L-tryptophan. It was thought that the TRS activities in this class of revertant would be similarly protected. The results of these experiments are shown in Table 4 . Neither the original mutant nor the revertants isolated in the presence of high tryptophan concentrations displayed any measurable TRS activity. Moreover, although extracts of wild-type cells prepared by grinding (method IV) had a specific activity twice that found with other preparations, there was still no observable activity in extracts of the mutant. In contrast to this apparent instability of the mutant, cell-free extracts prepared from wild-type strains retained over 90% of their initial amino acid attachment activity even after being stored at 0 C in buffer A for 3 days. Effect of 5-SIT on growth of the mutant. One possible explanation for the fact that the trpSl mutant was both 5FTr and temperature-sensitive was that the genetic alteration affected some membrane component involved in transport, and that at 42 C this component was irreversibly inactivated, resulting in cell death. The other, more likely possibility was that the temperature-sensitive defect resided in the TRS, yielding an enzyme with altered affinities for tryptophan and its fluorinated analogue. Both interpretations could be supported by the protective action exerted by L-tryptophan under nonpermissive conditions. To distinguish between these two possibilities, we examined the effect of 5FT addition to tryptophan-starved cultures of wild type and mutant strains at the permissive temperature (Fig. 8) . When strains 168M and GSY1307 were starved for tryptophan, the addition of 5FT had the following effects. In the case of the wild-type strain, growth commenced within a period of 15 min after the analogue was added. On the other hand, the starved trpSl culture showed no further increase in cell mass. In contrast to these results, the addition of 5FT to tryptophan-supplemented cultures of both mutant and wild-type strains immediately depressed the rate of growth. It was evident from these results that the mutant had some operational 5FT transport system at the permissive temperature. Presumably, the wildtype strain (168M) possessed a TRS which was unable to distinguish between 5FT and tryptophan. It used the analogue to synthesize "false" proteins, and this eventually resulted in cell lysis. The lack of stimulatory action of 5FT on the growth of the tryptophan-starved culture of GSY1307 could be explained by the failure of its TRS to recognize 5FT as a tryptophan substitute. As a result, it could not synthesize new cell protein. From this it can be surmised that the depression of the growth rate by adding 5FT to growing cultures of the trpSl mutant was due to dilution of the available external tryptophan by its analogue.
That 5FT resistance is a consequence of an altered TRS is also supported by experiments which showed that the mutant, unlike the wildtype strain, was unable to carry out the ATPdependent attachment of tritiated 5FT to tRNA (unpublished data).
Genetic identity of the temperature sensitivity, 5FT resistance, and altered TRS phenotypes. One of the disadvantages of using NTG as a mutagenic agent is the high probability that a mutagenized cell will be mutated at more than one site (1). We therefore conducted several genetic experiments to establish that the temperature-sensitive mutation was a direct result of a modifica- No L-tryptophan: 0, 168M; (A) GSY1307; 0, GSY1301. L-Tryptophan at 10 /moles/ml: 0, 168M; A, GSY1307; *, GSY130l. tion in the TRS (trpS gene), and that all three phenotypic properties (altered TRS, 5FT resistance, and temperature sensitivity) stemmed from a single mutation. In the first experiment, GSY1306 recipient cells were transformed to temperature resistance by using DNA from strain GSY266. The DNA concentration was limiting (0.02 pg/ml) in order to eliminate the possibility (classes IV, V, VI and VII) was able to grow at 42 C on PAB. Whether these revertant classes were the result of the action of a suppressor mutation will be discussed below.
If the failure to grow at 42 C was a direct consequence of an altered TRS, then we might expect that revertants capable of growth under nonpermissive conditions would possess an enzyme with stability properties equal to, or less than, wild-type strains, but more stable than the enzyme of the original mutation. We therefore made a comparison of the heat stability of TRS activities in crude extracts of the wild type and a revertant in class I. In Fig. 9 we see that the rate of heat inactivation at 42 C for the revertant enzye was 5.4-fold greater than for the wild type. At zero time, the activity of the revertant enzyme was 89% of the wild-type level.
In an attempt to establish a genetic identity between temperature sensitivity and 5FTr phenotypes, an experiment to test for recombination between ts and 5FTr was conducted. DNA from strain GSY714 (tr, 5FT) was used to transform mutant strain GSY 1310 (ts, 5FTr) to temperature resistance. The tr transformants were purified by streaking and were then examined for their ability to grow on minimal agar in the presence of 5FT (150 gg/ml). Of 1,897 tr transformants examined, none was recombinant for the 5FTr phenotype. This failure to observe a recombinational event can only serve to place an upper limit on the distance between ts and 5FTr. It does not prove identity in the sense that the mutant sites are the same. However, since recombination of 10% and higher between markers of the same locus are often observed in B. subtilis transformation, if ts and 5FTr were distinct sites they should be extremely close. It is highly unlikely that NTG treatment would induce two mutational events within such a short distance. These tests for genetic identity suggest strongly, therefore, that the trpSl mutation occupies a single site and is responsible for the formation of an altered TRS which is temperature sensitive and has a lower affinity for 5-fluorotryptophan. 14 Localization of the trpSl marker. We relied on PBS-1 transduction to locate the trpSl marker. Lysates were prepared from auxotrophs whose mutational sites were distributed among the four known linkage groups (13) of the B. subtilis chromosome. These lysates were then used to transduce the temperature-sensitive mutant to its tr phenotype, and the transductants were examined for the donor auxotrophic marker. The results of these experiments clearly indicated that the trpSl marker was linked to the argC and metA loci of the group II region ( Table 6 ). The fact that the trpSl site was more closely linked to argC4 than to metA1 suggested that the order of the three markers could be either argC4 trpSl metAl or trpSl argC4 metAl. The actual linkage order of the three markers was established by a three-factor PBS-1 transduction cross. The donor lysate was prepared on a wild-type strain (prototrophic and temperature resistant), and the triply marked argC4, metA 1, trpSI strain was used as the recipient. This cross allowed us to examine all seven transductant classes in the same experiment ( Table 7 ). The two possible configurations are represented in Fig. 10 . Interpretation was based on the assumption that the least frequent class is that which results from a quadruple recombination. The results show that it is configuration I of Fig. 10 which meets these requirements. The map of the argC4 trpSI metAI region is shown in Fig.  11 . All distances are expressed as percentage recombination and were calculated from the data of Table 7 , after normalizing the number of transductants in each primary selection class so that the contribution from each class would be equivalent. The fact that the recombination values are additive lends support to the previous conclusion that the ts phenotype is the result of a mutation at a single site. If there were two separate is mutation sites in this region (both of them required for the ts phenotype), the percentage of recombination between argC4 and metAI would have been greater than the sum of the recombination values between each of these markers and trpSl.
Cotransfer of trpSl with argC4 in transformation. The high cotransfer of argC4 with trpSI in PBS-I transduction (92%) suggested that it would be possible to detect linkage between these markers in transformation. To test this possibility, DNA was prepared from argC4 and trpSI strains and used at limiting concentration in two-point transformation crosses. The results ( Table 8 (Table 5 , classes I, II, and III). In some cases (class I) there was a joint, one-step reversion of the three phenotypic characteristics, including wild-type levels of TRS. In at least one instance, however, the TRS of the revertant did not possess wild-type stability (Fig. 9) . This failure to revert completely suggested that these strains were either partial revertants or suppressed mutants. The most probable alternative possibilities were that the different classes of revertants resulted from either a base change (amino acid replacement) at the site of the original mutation (or at a second site within the trpS gene), or from a suppressor mutation which is genetically linked (or unlinked) to the original mutation site.
If there was an unlinked suppressor mutation in these revertants, then we would expect that in PBS-I phage transduction, employing lysates prepared from revertant strains, the tr phenotype would not be cotransferred with the argC4 marker. In fact, we observed the opposite ( duce the trpSI, argC4 strain, it was found that among the Ir transductants there was an average of 91 % cotransfer of the argC4 marker. This was essentially the same result found when lysates of the wild-type strains were employed (Table 6 ). On the basis of this evidence, two alternative interpretations were possible: either (i) there was a suppressor in these strains and it was closely linked to the trpS locus, or (ii) the reversion event itself took place at the site of the original mutation.
If a revertant possessed a nonsense suppressor mutation, it might be expected to be able to support the growth of certain suppressible phage mutants. We decided, therefore, to test the revertant strains for possible nonsense suppressor activity by using the presumed nonsense mutant sus-S of phage SPO-1. This phage will not grow on a wild-type B. subtilis host but does form plaques on strains bearing certain suppressors (16, 17) . We tested the original mutant and 50 revertant strains in classes I, II, and III, and 25 revertants in classes IV and V according to the procedure described in Materials and Methods. Without exception, none of these revertant strains supported the growth of SPO-1 sus-S.
DISCUSSION
The trpSI mutation we have studied seems to be a defect which is confined to only one locus. As a result of this single mutation, both the in vitro ATP-dependent attachment of L-tryptophan to tRNA and the L-tryptophan-dependent s2p_ pyrophosphate exchange activity with ATP are completely abolished. These results strongly suggest that only one species of TRS exists in B. subtilis. However, it is still conceivable that there could be more than one TRS species if we allow for the possibility that the polypeptide coded for by the trpS locus is a common component of all these species.
On the basis of the additive recombination percentages between argC4 and metAl, and the relatively high reversion frequencies for the mutation (I per 6 x 107 to I per 108), it seems fairly certain that the original mutation is a point mutation. It The mutation in the B. subtilis TRS that we have studied is located in the group II region (13) and is therefore unlinked to those structural and regulatory genes governing the tryptophan biosynthetic enzymes. This mutation is also unlinked to the two presently known gene clusters which code for tRNA, and to the genetic loci involved in sporulation (13, 17) . Although no direct examination was made of the level of the tryptophan biosynthetic enzymes in this mutant, several observations suggest that these enzymes may be derepressed. First, strains which bear the trpSl marker but which are prototrophic for tryptophan can grow, though very poorly, on MG agar at 42 C, whereas trpSI strains bearing the trpC2 mutation cannot grow under these conditions even when the minimal agar is supplemented with as much as 10 gg of L-tryptophan per ml. (The trpS+, trpC2 strain will grow well with only I jg of L-tryptophan per ml.) Second, on 5FT-supplemented minimal agar, the trpSI colonies "feed" 5FTO cells, promoting the appearance of "satellite" colonies. Both of these observations can be explained by assuming that the trpSl mutant excretes L-tryptophan into the medium, establishing a concentration gradient. Several observations suggest that it is the amino acid recognition step which accounts for at least part of the defect in the trpSI enzyme. (1) There is no demonstrable L-tryptophan-dependent ATP-pyrophosphate exchange reaction. Apparently the defect involves more than an alteration in the Km, since the concentration of L-tryptophan employed was near the solubility limits for this amino acid. (ii) At permissive temperatures, the trpSI mutant is resistant to 5FT and seemingly is capable of distinguishing between Ltryptophan and its fluorinated analogue. (iii) LTryptophan added to trpSl cultures seeded on MG agar will protect against the restrictive temperature. It will transiently protect cultures grown in liquid MG. A similar observation has been made for the temperature-sensitive E. coli valyl-tRNA synthetase in which the mutation preferentially affects the site of amino acid, ATP attachment (38) .
The protective effect of tryptophan on cell growth and the failure of the amino acid to stabilize mutant enzyme activity in vitro imply that the primary defect brings about enzyme instability rather than a drastic alteration of kinetic constants. The rapidity with which "4C-tryptophan incorporation was terminated under restrictive conditions (Fig. 5 ) also supports the assumption that the heat-sensitive phenotype is correlated with inactivation of enzyme function rather than a failure in some mechanism responsible for enzyme formation. Several workers have shown that a fairly common property of temperaturesensitive amino acyl-tRNA synthetases is the relative ease with which the mutant enzyme is dissociated into subunits with impaired catalytic properties (4, 21) . Even with wild-type aminoacyltRNA synthetases, it has been observed that activity is subject to a considerable variation which is dependent on subunit association. For example, in a system in which subunit assembly has been shown to be a temperature-dependent process, only the dimerized form of wild-type E. coli prolyl-tRNA synthetase is active (22) . The thermolability of wild-type glutamyl-tRNA synthetase of the obligate psychrophile Micrococcus cryophilus has also been attributed to a dissociation into inactive subunits (26) . A mutant of this organism, capable of growth at higher temperatures normally restrictive for the wild type, has a glutamyl-tRNA synthetase whose activity and subunit structure are stable (26) . In the present case, the finding that the restrictive temperature terminates 14C-L-tryptophan incorporation, with subsequent loss of cell viability, makes it likely that the temperature-sensitive event is an irreversible step leading to functional inactivation of the enzyme. Whether this is in any way correlated with subunit dissociation has yet to be determined.
